Intra-arterial therapy (IAT) for ischemic stroke aims to save brain tissue. Collaterals are thought to contribute to prolonged penumbra sustenance. In this study, we investigate the effect of collateral status on brain tissue salvage with IAT. In 500 patients randomized between IAT and standard care, collateral status was graded from 0 (absent) to 3 (good). Final infarct volumes (FIV) were calculated on post-treatment CT. FIVs were compared between treatment groups per collateral grade. Multivariable linear regression with interaction terms was performed to study whether collaterals modified IAT effect on FIV. Four-hundred-forty-nine patients were included in the analysis. Median FIV for the IAT group was significantly lower with 54.5 mL (95% IQR: 21.8-145.0) than for the controls with 81.8 mL (95% IQR: 40.0-154.0) (p ¼ 0.020). Treatment effect differed across collateral grades, although there was no significant interaction (unadjusted p ¼ 0.054; adjusted p ¼ 0.105). For grade 3, IAT resulted in a FIV reduction of 30.1 mL (p ¼ 0.024). For grade 2 and 1, this difference was, respectively, 28.4 mL (p ¼ 0.028) and 28.4 mL (p ¼ 0.29). For grade 0, this was 88.6 mL (p ¼ 0.28) in favour of controls. IAT saves substantially more brain tissue as compared to standard care. We observed a trend of increasing effect of IAT with higher collateral grades.
Introduction
Recent advances in intra-arterial therapy (IAT) have resulted in a major change in the treatment of patients with acute ischemic stroke (AIS) due to a proximal large vessel occlusion in the anterior circulation. Recently, five large randomized controlled trials (RCTs) demonstrated high recanalization rates and improved functional outcome after IAT. [1] [2] [3] [4] [5] Despite this new landmark in AIS therapy, IAT is not beneficial for everyone. A substantial amount of patients included in these RCTs did not reach functional independence at three months ranging from 33% to 71%, making patient selection for IAT essential in optimizing AIS management. Collaterals are anastomotic vessels providing alternative routes for blood flow, especially in patients with AIS. Their status has shown to be associated with IAT effect, and may help in the stratification of subjects eligible for IAT. [6] [7] [8] [9] Since good collateral status at baseline is related to an improved functional outcome, it is believed that collaterals are of major importance for sustaining the penumbra. Until now, the positive effect of a developed collateral network is commonly indirectly evaluated by assessment of a subject's functional ability and limitations, rated on relatively coarse scales such as the NIHSS or 90-day modified Rankin Scale (mRS). However, the direct relationship between collateral status and tissue outcome after IAT has not yet been investigated. This may provide prognostic information on the extent of brain tissue that might be saved with IAT, which may be useful in future patient selection models. In this post hoc analysis of MR CLEAN 1 data, we investigate the direct relationship between collateral flow and the effect of IAT, as expressed by difference in final infarct volume (FIV).
Material and methods

Patient selection
The MR CLEAN trial protocol has been reported previously. 10 In short, patients with AIS were randomized between IAT or standard care alone (control) if they showed a proximal anterior circulation arterial occlusion of the distal intracranial carotid artery (ICA), middle cerebral artery (M1 or M2), or anterior cerebral artery (A1 or A2) on CTA, which was treatable within 6 h after start of clinical symptoms. All patients or their legal representatives provided written informed consent before randomization. The study protocol was approved by the Medical Ethics Committee of Erasmus MC University Medical Center and the research board of each participating centre. This study is conducted in accordance with the principles of the Declaration of Helsinki of 1975 (revised 1983), and with the guidelines for Good Clinical Practice.
For this post hoc analysis, we included all patients with a five to seven day (range 3-9 days) follow-up noncontrast CT (NCCT), or one day follow-up NCCT if five to seven day follow-up NCCT was not available due to death or discharge. In case of hemicraniectomy, the last scan prior to surgery was selected for analysis. Patients with large haemorrhagic transformations with unclear boundaries and image data with extreme artefacts or insufficient scan quality were excluded since they precluded accurate infarct volume determination.
Clinical and imaging assessment
In MR CLEAN, a central imaging committee assessed collateral status on baseline CTA. Image evaluators had more than 10 years of experience and were blinded to all clinical findings, except symptom side. All CTA images were independently graded by two neuroradiologists. A third reader resolved discrepancies between the initial two readers. Presence of collaterals was defined as visual appearance of vasculature distal to the proximal artery occlusion and was assessed on baseline CTA on a commonly used 4-point scale, with 0 for absent collaterals (0% filling of the occluded territory), 1 for poor collaterals (>0% and 50% filling of the occluded territory), 2 for moderate (>50% and <100% filling of the occluded territory), and 3 for good collaterals (100% filling of the occluded territory). 11 Readers were allowed to use the non-ischemic hemisphere as normal reference. A mixture of CTA source images and maximum-intensity-projections were used for collateral grading, including all available slices. On the whole, if different slices expressed different collateral capacities, an average collateral score over all slices was determined. No fixed CTA protocols were used in MR CLEAN, and protocols varied per centre. Inter-observer reliability for collateral status assessment in MR CLEAN has previously been reported (kappa ¼ 0.60). 9 Whole-brain imaging was performed with thin-section acquisition on multi-slice CT scanners with at least 16 sections. FIV was defined as a hypodense lesion on follow-up NCCT. Adjacent hyperdense areas suspected for haemorrhagic transformation were considered part of the FIV. A previously validated method, which was optimized to work fully automatic without user input, was used to segment the lesions. 12 This segmentation resulted in binary masks of the infarcted areas. All segmentations were inspected and adjusted if necessary by two experienced observers blinded to outcome (A.M.B and K.R.K.). Because this method was developed to identify infarcted areas after three days, manual adjustment of the masks in early follow-up cases was common. FIV was calculated in millilitres by multiplying the number of voxels of the segmented area with its voxel size
Statistical analysis
Dichotomous variables were presented as proportion of population. Continuous variables were tested for normality (Kolmogorov-Smirnov test) and presented as mean AE SD if normally distributed, or as median and interquartile range (IQR) otherwise. Differences in baseline parameters were assessed using the Chisquare test for categorical variables, or student's t-test or Mann-Whitney U test for continuous variables. Baseline differences were not used for adjustment of further analyses, as in MR CLEAN pre-specified prognostic variables were agreed upon for this purpose. Mann-Whitney U test was used to test for differences in the distribution of FIV between IAT patients and controls for the whole population and per collateral grade. Multivariable linear regression was performed to model the association between treatment allocation (IAT or standard care alone) and FIV per collateral grade separately, with and without adjusting for prespecified prognostic variables. Interaction between treatment and collateral grades on tissue salvage was investigated for the population as a whole, by adding a multiplicative interaction term to the adjusted and unadjusted model. Results were reported as bs with 95% confidence intervals. FIV was log transformed to best satisfy the linear model (normal distribution of residuals and homoscedasticity). The exponent of b determines the relative difference in FIV for patients treated with IAT compared to standard care alone.
bs were adjusted for major pre-specified prognostic variables from the original MR CLEAN protocol statistical analysis plan: age, stroke severity (NIHSS) at baseline, time of onset to randomization, previous stroke, atrial fibrillation, diabetic status, and occlusion location. All p-values were calculated for two-sided tests. Statistical analysis was performed using SPSS v.22.0 (IBM Corp., Armonk, NY, USA). A p-value of <0.05 indicated statistical significance.
Results
Of the 500 patients included in the MR CLEAN trial, 472 patients underwent a follow-up NCCT (75.8% 5-7 day, 24.2% 1 day). Twenty-three patients were subsequently excluded because of hemicraniectomy with no pre-operative follow-up scan available (N ¼ 4), insufficient scan quality (N ¼ 8), large haemorrhagic transformations (N ¼ 6), baseline magnetic resonance angiography instead of CTA (N ¼ 2), insufficient vessel coverage (N ¼ 2), or no baseline vessel imaging at all (N ¼ 1), resulting in 449 patients for analysis. Baseline characteristics for all patients are displayed in Table 1 . Mean age was 64.6 (SD AE 13.8) years, 40.4% were female, and median NIHSS at baseline was 18.0 (IQR: 14.0-22.0). Significant differences in distribution between collateral grades were seen for age, baseline NIHSS, Alberta Stroke Early CT Score (ASPECTS), use of statins and antiplatelet agents, history of ischemic stroke, hypertension, diabetes mellitus, peripheral artery disease, and hyperlipidaemia. All other baseline characteristics were evenly distributed between the groups.
Final infarct volume
In the total population, FIV for patients allocated to IAT was significantly lower with 54.5 mL (IQR 21.8-145.0; N ¼ 214) than for patients allocated to standard care alone with 81.8 mL (IQR 40.0-154.0; N ¼ 235) (p ¼ 0.020). Differences in FIV between treatment groups ordered by collateral grade are displayed in Table 2 and Figure 1 . There was substantial heterogeneity in the effect of IAT on FIV across collateral grades. A significant difference in FIV was observed for grade 3 with 24.8 mL (IQR 10.3-59.9) versus 54.9 mL (IQR 22.1-94.6); p ¼ 0.024 and for grade 2 collaterals 42.4 mL (IQR 15.4-94.9) versus 70.8 mL (IQR 31.9-109.3); p ¼ 0.028 between, respectively, IAT and control group. For grades 0 and 1, the difference was smaller, 119.4 mL (IQR 60.3-199.5) versus 147.8 mL (IQR 70.7-279.5); p ¼ 0.29 for grade 1 and 338.9 mL (IQR 205.4-416.1) versus 250.3 mL (IQR 59.6-396.5); p ¼ 0.28 for grade 0. The extent of infarct volumes is illustrated in Figure 2 , in which the frequency of infarction, stratified stratified by treatment and collateral grade, is shown as colour-coded overlays.
After adjustment for pre-specified prognostic variables, the same trend was visible ( Table 3) . Distinct effects were observed for grade 2 and 3, while no significant association between IAT and FIV was found for grade 0 and 1. For grade 2 (N ¼ 180), treatment with IAT led to relative difference in FIV of 30% (Exp. b 0.70; p ¼ 0.058), if patients were treated with IAT. For collateral grade 3 (N ¼ 123), treatment with IAT led to a 31% difference in FIV (Exp. b 0.69; p ¼ 0.094). For grade 1 and 0, the bs were respectively Exp. b ¼ 0.92 (p ¼ 0.69) and Exp. b ¼ 1.97 (p ¼ 0.210), but the interaction between collateral grade and treatment fell short of significance (unadjusted p ¼ 0.054, adjusted p ¼ 0.105).
Discussion
Among AIS patients with a proximal arterial occlusion, IAT is associated with smaller FIVs as compared to standard care alone. We found a trend towards Table 1 . Clinical baseline characteristics for the total population, and per collateral grade. increasing treatment effect with increasing collaterals. Our studies showed that in patients supported by an adequate collateral circulation, an average of one-third additional brain tissue can be saved with IAT. Our results indicate the importance of collaterals in the maintenance of tissue viability. Identifying the group of patients with no treatment benefit is the fundamental principle of patient selection, in order to prevent unnecessary risk and expense of treatment. Unfortunately, this analysis is limited by the small number of patients in the absent collateral grade group, amounting to only 20 subjects. However, from a physiological perspective, it is likely that IAT does not lead to substantial brain salvage in these patients due to the fast progression of irreversible brain damage. 13 Consistent with this idea, we found no effect in patients with collateral grade 0. Therefore, it might be that the proposed treatment window of <6 h is too long to save brain in these patients. Further research is needed to explore the relationship between collateral status and infarct progression in time.
Our findings are consistent with a reported case series of 50 patients with large vessel occlusions who received IAT. 14 Using a dichotomized collateral score (poor/good) and an ellipsoid approximation of FIV as outcome measure (using Kothari's ABC/2 method 11 on 12-24 h MRI, diffusion-weighted imaging or follow-up NCCT), a good collateral status was found to be associated with smaller infarct volumes. By virtue of the randomized trial data, the present study extends these findings by demonstrating an IAT benefit for tissue salvage in the moderate and good collateral groups.
Multiple studies have demonstrated the importance of baseline collateral status assessment. 3, 9, 15, 16 A recently published substudy of MR CLEAN demonstrated increased IAT benefit in patients with better baseline collateral scores. 9 Although FIV and functional outcome are closely related, it is important to note the differences between these outcome measures. The brain consists of many regions, with each its own implication in the patient's functional wellbeing. When exposed to ischemia, the severity of the injury does not only depend heavily on the amount of brain tissue involved, but also on the part of brain that is affected. Therefore, functional end-points are of direct relevance to the patient, but do not fully capture the effect of collaterals on brain tissue salvage by IAT. Besides these pathophysiological differences, functional outcome measures are prone to subjectivity of the assessor and scored on a relatively coarse ordinal scale. Moreover, follow-up imaging is acquired within days after stroke onset, unlike most accepted functional outcome measures, which are obtained after a considerable amount of time. FIV would therefore be less influenced by post-stroke rehabilitation, and non-stroke related morbidity and mortality. In the search of patient selection criteria for IAT, it is important to identify differences directly related to treatment. So, although our analysis is limited by the relatively small numbers, especially with grade 0 and 3, this study provides unique information regarding the extent of brain salvage by IAT, in relation to the strength of the collateral circulation.
Our study has several limitations: some of the FIV measurements were performed on follow-up NCCTs acquired as early as day 1. Despite the inclusion of patients with early follow-up imaging, we lost approximately 6% of the total population due to death before imaging could be obtained. There is a strong likelihood that these patients suffered from a relative large infarction. Furthermore, this rather broad time-window of follow-up imaging might have led to a bias in FIV assessment. In this study, FIV was identified as hypodense lesion on NCCT. The spatial extent of these hypodensities can vary with time due to brain swelling and mass effect caused by oedema. In addition, bloodbrain barrier breakdown and capillary leakage can lead to haemorrhagic transformation, resulting in density increase of the infarcted tissue, which temporarily may become isodense to grey matter (fogging effect). 17, 18 These effects could have resulted in an over-or underestimation of infarct volumes. Moreover, infarct growth might still be present after 24 h. 19, 20 However, the amount of infarct growth after this time is likely to be small, as final infarct imaging at this time point is strongly associated with functional outcome. 21 Further research on identifying patients with fast or slow FIV progression over time is warranted.
In addition, collateral status assessment can be prone to inter-observer variability. 22 Despite the high agreement between observers reported by Tan et al., 23 a moderate agreement was reported in MR CLEAN. Nevertheless, a beneficial effect of IAT was found for patients with moderate and good collaterals. Approaches for collateral grading vary widely, but almost all use categorical scales. 22 It is important to improve this assessment and classification of collateral flow. In MR CLEAN, the collateral status was assessed using single-phase CTA, which is known to have a lower temporal and spatial resolution than the gold standard four-vessel digital subtraction angiography (DSA). However, for collateral status assessment in the acute setting, DSA is not practical since it is an invasive modality and resource intensive. 24 Where conventional single-phase CTA fails to capture delayed collateral flow enhancement with a single snapshot, CTA acquired by multiple timeframes may help overcome this limitation. [25] [26] [27] [28] Both multiphase CTA and time-invariant CTA are promising non-invasive techniques, but are as today only routinely used in few centres. Furthermore, conventional CT or MR angiographic collateral grading does not include the time component of bolus speed and arrival, which is encoded in perfusion parameters such as CBF, MTT, or T-max and also in conventional DSA. In other words, collateral grading in conventional CT or MR angiography will differentiate the abundance of vasculature, but not the velocity, and this may be relevant in acute stroke triage: plentiful collaterals with fast arrival may designate a patient with better outcome from IAT in contrast to a patient with plentiful but slow collaterals and late arrival. This aspect has been touched in a study that used contrast-enhanced and TOF MRA to predict tissue outcome. 29 In future research, a more quantitative measure of collateral flow, especially in combination with new dynamic imaging techniques, may help to fully encompass its role in improving patient selection for IAT.
In conclusion, IAT saves substantially more brain tissue as compared to standard care. We observed a trend of increasing effect of IAT with higher collateral grades. Our results suggest that baseline collateral status might be useful as an imaging selection tool to identify patients in whom the benefit of IAT is expected to be very small.
